The Interplay between Viscoelastic and Thermodynamic Properties Determines the Birefringence of F-Actin Gels  by Helfer, Emmanuèle et al.
The Interplay between Viscoelastic and Thermodynamic Properties
Determines the Birefringence of F-Actin Gels
Emmanue`le Helfer,* Pierre Panine,y Marie-France Carlier,* and Patrick Davidsonz
*Dynamique du Cytosquelette, Laboratoire d’Enzymologie et Biochimie Structurales, UPR 9063 Centre National de la Recherche
Scientiﬁque, Gif-sur-Yvette, France; yEuropean Synchrotron Radiation Facility, Grenoble, France; and zLaboratoire de Physique des
Solides, UMR 8502 Centre National de la Recherche Scientiﬁque, Universite´ Paris-Sud, Orsay, France
ABSTRACT F-actin gels of increasing concentrations (25–300 mM) display in vitro a progressive onset of birefringence due to
orientational ordering of actin ﬁlaments. At F-actin concentrations ,100 mM, this birefringence can be erased and restored at
will by sonication and gentle ﬂow, respectively. Hence, the orientational ordering does not result from a thermodynamic
transition to a nematic phase but instead is due to mechanical stresses stored in the gels. In contrast, at F-actin concentrations
$100 mM, gels display spontaneous birefringence recovery, at rest, which is the sign of true nematic ordering, in good
agreement with statistical physics models of the isotropic/nematic transition. Well-aligned samples of F-actin gels could be
produced and their small-angle x-ray scattering patterns are quite anisotropic. These patterns show no sign of ﬁlament
positional short-range order and could be modeled by averaging the form factor with the Maier-Saupe nematic distribution
function. The derived nematic order parameter S of the gels ranged from S ¼ 0.7 at 300 mM to S ¼ 0.4 at 25 mM. Both
birefringence and small-angle x-ray scattering data indicate that, even in absence of cross-linking proteins, spontaneous co-
operative alignment of actin ﬁlaments may arise in motile regions of living cells where F-actin concentrations can reach values
of a few 100 mM.
INTRODUCTION
A major function of cytoskeletal ﬁlaments is to support cell
structure, either for mechanical stability (e.g., resistance to
external forces, adhesion, reinforcement) or for motile
processes (e.g., cell division, mitosis, migration). The most
abundant of these cytoskeletal proteins is actin. Monomeric
actin, or G-actin, polymerizes in the presence of K1 or Mg21
to form helical polar ﬁlaments, or F-actin, of a few tens of
micrometers long and ;7–8 nm in diameter; F-actin is
involved in many motile phenomena (e.g., protrusion,
endocytosis) which are conventionally called actin-based
motility processes. Actin and its regulators are well-
characterized biochemically (see Pollard et al. (1) for
review). The concepts of polymerization/depolymerization
and critical monomer concentration of actin have been
developed by Oosawa (2). However, the irreversible
hydrolysis of the bound ATP nucleotide associated with
actin polymerization destabilizes the ﬁlament and is at the
origin of an important feature called treadmilling (3). In the
absence of ATP, polymerization is reversible and an
equilibrium between G-actin and F-actin is reached at
a critical concentration cc of G-actin, identical at the two
ends. In the presence of ATP, the polymerization is no longer
reversible, which induces a difference of cc between the two
ﬁlament ends: one end (the barbed end) polymerizes whereas
the other one (the pointed end) depolymerizes at the same
rate, resulting in a ﬁlament of apparent constant length with
a continuous ﬂux of subunits through it. By continuously
renewing the actin ﬁlament, which is, therefore, moving and
able to generate forces, this treadmilling process is the basis
of cellular motility. Many of the cellular structures observed
in these dynamic processes display aligned organizations of
parallel actin ﬁlaments. Actin-binding proteins (ABPs) are
involved in these motile processes observed in vivo. They
interact speciﬁcally with F-actin to form three-dimensional
complex structures of various types like the dense branched
array in the lamellipodium or the tight ﬁlaments bundles in
microvilli. Interestingly, it has been observed in vitro that
actin ﬁlaments can form aligned structures in the absence of
regulating ABPs at physiological conditions. Basic physical
mechanisms underlying spontaneous F-actin alignment are
important to understand dynamic changes in cytoplasmic
structures occurring during cell movements. For these rea-
sons, F-actin-based structures have recently attracted much
interest from the structural and physical points of view.
Many biomimetic studies have been realized in which
actin ﬁlaments were associated with cross-linking proteins or
membranes to mimic structures observed in vivo in cells.
Actin ﬁlaments were either cross-linked by a-actinin or by
ﬁlamin to form networks and ﬁbers that displayed a variety
of biologically relevant mechanical properties (4,5). Alter-
natively, the interaction of F-actin with phospholipid mem-
branes modiﬁed the dynamics of the membrane, mimicking
the cortical network (4,6–9).
To understand the mechanical properties of such complex
structures, one needs ﬁrst to deﬁne the microscopic pro-
perties of individual ﬁlaments as a starting point for model-
ing, in a later stage, the macroscopic properties of F-actin
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architectures. By comparison with synthetic ﬂexible
polymers, these biopolymers are characterized by a large
persistence length Lp of ;5–20 mm (10–12), ;3 orders-of-
magnitude larger than their diameter D (Lp is on the order of
a nanometer for ﬂexible polymers). They are thus called
semiﬂexible polymers. Due to their large aspect ratio Lp/D,
actin ﬁlaments form semidilute solutions at extremely low
volume fractions and display unique network (i.e., gels)
properties such as, e.g., an elastic modulus much larger than
that of ﬂexible polymers at the same volume fraction.
Because of their length and extended conﬁguration, actin
ﬁlaments cannot diffuse in solution without steric interaction
with neighboring ﬁlaments. As a result, F-actin solutions
become highly viscous at low concentrations and can form
viscoelastic solids at molarities similar to those found in the
cytoplasm. Because this viscoelastic character is important
for the role of actin networks in the cell cytoskeleton, actin
viscoelastic properties have been extensively studied theo-
retically (13–15) and experimentally (16–18) in the past
years. Theoretical models combining the individual mechan-
ical properties of actin ﬁlaments with those of membranes
were established to explain the results observed with actin-
coated membranes (19).
In comparison with rheological and theoretical studies on
viscoelasticity of actin gels, the properties of orientational
ordering of actin have been less studied, both theoretically
and experimentally. Actin gels have raised interest because
they exhibit birefringence that is due to the parallel
alignment of actin ﬁlaments. Such birefringence is usually
regarded as the sign of a liquid-crystalline nematic order.
However, for all other nematic liquid crystals, a clearcut ﬁrst-
order transition is observed between the nematic phase at
high concentration and the isotropic phase at low concen-
tration (20). This means that the two phases should coexist in
a given concentration range. The phase separation shows up
at the microscopic scale by the appearance of small nematic
droplets within the isotropic phase. At the macroscopic scale,
samples held in test-tubes spontaneously demix under the
inﬂuence of gravity into a top isotropic phase and a bottom
birefringent nematic phase (21). Actin gels behave differ-
ently. They show a gradual onset of birefringence as concen-
tration increases rather than the expected phase coexistence.
So far a single report has provided indirect evidence, at
the microscopic scale, for nematic and isotropic domains in
actin gels (22). In another report, actin gels were thought to
represent a unique example of a continuous isotropic to
nematic phase transition (23). Such a continuous second-
order transition, instead of a ﬁrst-order one, is theoretically
possible and was predicted by Toner’s group (24–26). In
addition to showing a gradual onset of birefringence, the
nematic ordering is predicted to be very weak and topo-
logical defects of the nematic order, called disclination lines,
are not expected to occur. One basic assumption of the
theory is that the system reaches thermodynamic equilib-
rium, which may not actually be fulﬁlled in the case of actin
gels. In addition to birefringence, actin gels indeed display
strong viscoelastic properties that may severely affect their
phase behavior as mentioned above. We think that
a combination of the viscoelastic and liquid crystalline
properties of actin may shed light on the functional and
structural properties of the complex actin structures that are
assembled in vivo.
In this context, we decided to reexamine the thermody-
namic and structural properties of pure F-actin suspensions:
this work will provide a reference state to discuss more
complicated structures such as actin ﬁbers and actin net-
works that can be observed in cells, and that are regulated by
ABPs. On this basis, the effect of the addition of regulating
proteins could be investigated in the future in order to be
closer to in vivo conditions. In this study, we consider two
sides of this question: Firstly, we investigate the nature of the
isotropic to nematic phase transition (I-N transition) in actin
gels prepared in test tubes. Secondly, we report anisotropic
x-ray scattering patterns of gels of actin ﬁlaments aligned
by ﬂow in capillaries, which helps us to understand the
molecular organization of these materials. Since the local
concentration of actin in ﬁlament arrays that are assembled
in actin-based motile processes like lamellipodia or actin
tails of rocketing particles can be as high as 0.2–1 mM
(27,28), we decided to investigate a broad range of actin
concentrations to obtain physiologically relevant informa-
tion. We show that the observed macroscopic birefringence
is of thermodynamic origin above a threshold of 100 mM,
whereas it is due only to mechanical stress below this
threshold. However, the second kind of experiment (i.e.,
small-angle x-ray scattering) indicates that the actin gels,
sheared in capillaries in order to align the ﬁlaments, present
a large order parameter indicating a strong ﬁlaments
orientation, even at concentrations as low as 25 mM.
MATERIALS AND METHODS
Actin puriﬁcation and concentration
Actin was puriﬁed from rabbit muscle according to the method described by
Spudich and Watt (29). Actin was ﬁnally isolated in the monomeric Ca-
ATP-G form by gel ﬁltration on Superdex 200 (Amersham, Little Chalfont,
Buckinghamshire, UK) in G buffer (5 mMTris, pH 7.8, 1 mMDTT, 0.1 mM
CaCl2, 0.2 mM ATP, 0.01% NaN3). Fractions representing 50% of the
material in the second half of the actin peak were collected, to avoid any
contamination of actin dimers. Actin purity was assessed by the presence of
a single band on SDS-PAGE, and a-actinin (the major potential actin-
bundling factor in muscle actin) was not detectable by immunodetection.
ATP-G-actin (generally at 50 6 10 mM) was stored at 0C (on ice) in G
buffer.
G-actin was concentrated by ultraﬁltration using a Vivaspin 30 device
(Vivascience, Go¨ttingen, Germany) centrifuged at 5000 g for a few hours, at
4C, to reach a concentration of ;300 mM. The ﬁnal concentration was
measured either by the bicinchoninic acid assay or by measuring the solution
absorption at 290 nm. Due to their very high viscosities the concentrated
G-actin solutions showed inhomogeneities visible in the spectrophotometer
cuvettes. The actin concentration could therefore be measured with a 20%
accuracy, depending on the sample region probed.
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Actin polymerization
Ca-G-actin was polymerized into Mg-F-actin by adding 100 mMKCl, 1 mM
MgCl2, and 0.2 mM EGTA (F buffer). Polymerization occurred in a few
minutes on ice. The solution of Mg-F-actin could be kept at room tem-
perature for the day.
Test tubes: visual inspection in polarized light
Concentrated G-actin was diluted with G buffer to desired concentrations
(25–250 mM) in glass test tubes (;9 mm in diameter) to a ﬁnal volume of
500 ml. Actin was polymerized directly in the test tube by adding 25 ml of
KME solution (2 M KCl, 20 mM MgCl2, 4 mM EGTA). The series of test
tubes was observed in polarized light (the tubes were held between two
crossed polarizers and illuminated in white light).
Sonication
An ultrasonic probe (VibraCell, Sonics & Materials, Danbury, CT) was
inserted into the test tube to sonicate the F-actin gels and disrupt birefringent
structures. Sonication was applied continuously for 10–30 s, then the
ultrasonic probe was slowly removed from the solution to avoid any ﬂow
that could induce artifactual ﬂow birefringence. Resulting changes in the
birefringence were observed in polarized light.
Capillaries: polarized-light microscopy and
x-ray scattering
For polarized-light microscopy, samples were prepared by inserting F-actin
solutions into ﬂat glass capillary tubes (VitroCom, Mountain Lakes, NJ) of
thicknesses ranging from 50 to 200 mm. This was achieved either by
capillary rise in the case of ﬂuid enough F-actin solutions or by gently
sucking F-actin gels with help of a syringe or a small vacuum pump. The
capillaries were ﬂame-sealed at each end, taking care not to heat the sample.
For x-ray scattering measurements, F-actin solutions were sucked into
borosilicate glass capillary tubes of 1 mm diameter, especially manufactured
(Charles Supper, Natick, MA). X-ray scattering experiments require well-
aligned samples. The alignment of F-actin ﬁlaments could be achieved
through the small shear-ﬂow due to sample sucking. The capillaries were
then ﬂame-sealed and systematically checked by polarized-light microscopy
for alignment and homogeneity before performing x-ray scattering experi-
ments.
Samples in optical and x-ray sealed capillaries were used a few days after
preparation to avoid possible actin degradation.
Methods of observation
Optical microscopy
Optical microscopy observations in polarized white light at different magni-
ﬁcations (503–4003) were performed on a microscope (BX51, Olympus,
Tokyo, Japan) equipped with a rotating stage. Liquid-crystalline textures of
samples, placed between crossed polarizers, were photographed using a
digital camera (Camedia, Olympus) directly mounted on the microscope.
Filaments length measurements
Actin ﬁlaments were ﬂuorescently labeled by incubating 1 mM F-actin with
one molar equivalent rhodamine-phalloidin (Fluka, St. Louis, MO) for 1 min
before dilution to 20 nM in F buffer. Samples were observed in
epiﬂuorescence microscopy with a 1003 immersion oil objective on
a microscope (AX70, Olympus) equipped with a CCD camera (Cool-
SnapHQ, Roper Scientiﬁc, Munich, Germany). Average ﬁlaments length
was measured using Metamorph software (Universal Imaging, Downing-
town, PA) on a population of 100–500 ﬁlaments per sample.
Birefringence measurements
We performed a birefringence measurement on a well-aligned sample
(prepared for small-angle x-ray scattering experiments) at a very high con-
centration (310 mM) in a cylindrical capillary, using a microscope equipped
with a compensator.
Small-angle x-ray scattering (SAXS)
SAXSmeasurements were performed on the ID02 beamline of the European
Synchrotron Radiation Facility (ESRF), Grenoble, France (30). Oriented
domains of millimetrer size were ﬁrst located with polarized-light
microscopy and subsequently placed in the x-ray beam. The incident
wavelength was l ¼ 0.0995 nm. Due to the high intensity, single 0.1–1 s
exposures were found sufﬁcient to record the SAXS signals. The two-
dimensional patterns were recorded at a sample/detector distance of 10 m, on
a homemade FreLoN CCD camera (ESRF) coupled to a x-ray image
intensiﬁer tube (XRII, Thomson, Huizhou, Guangdong province, China)
with a resolution of 1024 3 1024 pixels and 165 mm/pixel. Incident and
transmitted ﬂuxes were simultaneously recorded with each pattern. Data
collection includes recently developed on-line detector and beam-intensity-
related corrections already well described (30). One-dimensional azimuthal
averaging was used for immediate examination of the data and the SAXS
signals were plotted versus scattering-vector modulus q ¼ ð4p=lÞsinQ
where 2Q is the scattering angle. Isointensity contour plots were obtained
from the SAXS patterns using the Fit2D package (ESRF).
RESULTS
The birefringence increases gradually with
actin concentration
The texture photographs of a capillary series of increasing
F-actin concentrations (45–330 mM) are shown in Fig. 1 A.
When placed between two crossed polarizers, a sample
displays birefringence when the molecules form an aligned
structure whose main direction is called the nematic director.
If there is no preferred orientation, the sample is isotropic
and appears dark as the transmitted-light polarization is not
changed through the solution. In our case, birefringence was
hardly detected at 45 mM F-actin and increased with F-actin
concentration in a continuous fashion. A highly birefringent
texture was observed at 330 mM F-actin. Coexisting bire-
fringent and isotropic domains were never seen. The same
behavior has already been reported on similar suspensions of
actin ﬁlaments (31–36). The optical textures of concentrated
samples are actually very typical of a nematic phase, which
previously allowed the identiﬁcation of this liquid-crystalline
type in the absence of any x-ray scattering data.
Although the ﬁlaments in these samples are usually
slightly aligned along the capillary axis, observations at high
magniﬁcation reveal the existence of defects called discli-
nation lines of strength (1/2) (Fig. 1 B). These topological
defects are typically observed in nematic phases of small
molecules and polymers as well. They correspond to
rotational discontinuities of the nematic director ﬁeld and
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are, in nematic phases, the equivalent of dislocation lines in
crystals (20).
The birefringence of actin gels depends on
mechanical history
Fig. 2 shows photographs in polarized light of a series of test
tubes ﬁlled with F-actin gels of increasing concentrations
(25–250 mM) before and after various periods of rest and
sonication. Right after preparation (Fig. 2 A), the bire-
fringence of the samples increases regularly with F-actin
concentration, as already observed with samples held in ﬂat
capillaries. Many strong distortions of the nematic director
are visible because the ﬁlaments are not uniformly aligned at
the macroscopic scale of the test tubes. Indeed, when rotating
the tubes, one observes that the birefringent patterns change,
i.e., that ‘‘dark’’ regions can appear bright and vice versa.
This observation proves that the actin gels are made of many
distinct domains with different preferred orientations. A
similar methodology was used in a study of the nematic
ordering of microtubules suspensions by Hitt et al. (37). In
addition to the birefringence photographs, we plotted in Fig.
2 I the average transmitted polarized-light intensity (in
arbitrary units) as a function of the actin concentration (solid
squares). For each tube, the intensity was measured both in
a region that corresponded to the entire tube (excluding the
meniscus and the bottom) or in a smaller square region set at
different places in the tube; when normalized to the mea-
sured surface area, the average intensity varied by ;15 a.u.
(deﬁning the error bars in Fig. 2 I). (This measurement
represents an estimate of the solution birefringence; in the
absence of single domains, these birefringence values have
only a semiquantitative meaning. However, they illustrate
well the visual impression displayed by the test tubes.) The
samples did not change over periods of many hours (Fig. 2
B), even days (data not shown). Then, all samples were
submitted to sonication for a few seconds and immediately
examined (Fig. 2 C and 2 I, open circles). The birefringence
of the samples at concentrations ,100 mM disappeared
completely; at concentrations $100 mM, the birefringence
could not be completely erased. In comparison with the state
before sonication, the birefringence was clearly weaker for
the lowest concentration (100 mM), and was somewhat
weaker for the 125 mM sample, but hardly decreased for the
three most concentrated tubes (150–250 mM). Nevertheless,
the birefringent textures were deeply affected by the sonica-
tion (as can be judged by closely comparing Fig. 2, B and C).
The samples were left to rest for 24 h (Fig. 2, D and I, open
triangles): the samples that had lost birefringence upon
sonication remained isotropic; the birefringence of the
100 mM and, to a lesser extent, 125 mM samples clearly
increased during the resting period even though it was not
disturbed; no change was visible at higher concentrations
(150–250 mM). At this point, all the samples were gently
shaken upside-down once (Fig. 2 E), which restored bire-
fringence patterns similar to those observed in the earlier
stage of the experiment, immediately after sample prepara-
tion (Fig. 2 A). The texture of all samples remained unaltered
for 60 h thereafter (Fig. 2 F). The same behavior was
recorded upon subsequent repeated cycles of sonication and
rest (Fig. 2, G and H). In conclusion, the birefringence level
of all the samples up to 75 mM depends strongly on their
mechanical history and can be induced or abolished at will
by gentle shaking and sonication, respectively. At 100 mM
and 125 mM the birefringence decreases under sonication but
increases again under rest. At 150 mM and beyond, although
the samples textures are strongly altered by sonication, the
birefringence level is not affected.
A detailed interpretation of these data is provided in
Discussion, below.
SAXS patterns of F-actin gels show clear
anisotropy but no interference peak
Well-aligned samples of F-actin gels were obtained by
sucking material into cylindrical x-ray capillaries. When
observed between crossed polarizers, these samples look
dark when their main axis is parallel to either one of the
polarizer directions and look uniformly bright when their
axis lies at a 45 angle from these directions (Fig. 3). This
behavior characterizes well-aligned nematic samples (20).
The best aligned samples were obtained at the highest F-actin
FIGURE 1 (A) Birefringent textures of F-actin gels in ﬂat capillaries
(100-mm thick and 1-mm wide) observed with polarized light (from left to
right and top to bottom, increasing actin concentrations are 45, 60, 75, 85,
100, 150, and 330 mM, respectively). (B) Detail of the texture of a 50-mM
F-actin gel that shows disclination lines (solid arrows), typical of nematic
liquid crystals. (The curved line at the bottom is a bubble edge.)
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FIGURE 2 (A–H) Birefringence of F-actin gels in test tubes (25, 50, 75, 100, 125, 150, 200, and 250 mM, from left to right, respectively): (A) right after
polymerization, (B) after 24 h, (C) after 10 s sonication, (D) 24 h after sonication, (E) slightly shaken, (F) after 60 h, (G) 24 h after a second 10-s sonication, and
(H) slightly shaken. (I) Average transmitted polarized light, in arbitrary units, as a function of actin concentration in A, solid squares; C, open circles; and D,
open triangles. Note the intensity increase between C and D for the 100- and 125-mM tubes. The error bars (shown only for the solid squares for clarity) were
estimated by comparing the intensity transmitted through the entire tube and through smaller square regions set at different places of the tube. As explained in
the text, the samples are not single domains and this measurement only represents an estimate of the solutions birefringence.
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concentration (310 mM), but sucking the actin gels in
capillaries produced fair alignments of ﬁlaments at actin
concentrations as low as 25 mM.
All samples run at the ID02 experimental station of ESRF
displayed rather weak but very anisotropic SAXS patterns
(Fig. 4 A). Radiation damage was found negligible except
for the two least concentrated samples that nevertheless
displayed consistent patterns. By radially averaging the
scattering pattern, the intensity proﬁle I(q) could be plotted
and we show on Fig. 4 B absolute measurements of the SAXS
signals, at two actin molarities: 150 mM and 312 mM. No
x-ray scattering peak that would correspond to any, even
short-range, positional order of the ﬁlaments, was recorded at
any concentration. Instead, the scattered intensity regularly
decreasedwith increasing scattering vector modulus. One can
characterize the orientational order of the actin gels by ex-
tracting the isointensity contour lines from the x-ray patterns
(Fig. 5). The contour lines’ anisotropy is analyzed in Discus-
sion, below.
DISCUSSION
Let us ﬁrst discuss the series of experiments with test tubes,
illustrated in Fig. 2. We distinguish two different behaviors
and consider therefore two groups of test tubes. First, we
examine the three least concentrated solutions (25–75 mM).
Birefringence is related to the gel properties
of actin
Our observations show that up to 75 mM F-actin, bi-
refringence of actin gels results from shear-induced align-
ment of ﬁlaments. In other words, birefringence depends on
the mechanical history of the sample and does not have
a thermodynamic basis, at variance with a previous statement
(23). The birefringence of actin gels is strongly dependent on
the handling of the samples, which explains discrepancies in
the literature. Samples devoid of residual stresses are very
hard to obtain. Indeed, some studies of F-actin gels rely on
experimental procedures that involve strong sample ﬂows
meant to increase the birefringence through ﬁlament align-
ment. The resulting birefringent patterns are frozen over
periods of several months because the elasticity of the gel
prevents relaxation to the isotropic state. A somewhat similar
situation prevails for aqueous clay gels that are birefringent
but do not show a true isotropic/nematic phase coexistence
(38–40).
FIGURE 3 The 150-mM actin gel aligned in a cylindrical x-ray capillary
observed with polarized light: the main axis is (A) parallel to the direction of
one of the crossed polarizers, and (B) oriented at 45 with respect to the
polarizer directions.
FIGURE 4 (A) X-ray pattern measured for an actin concentration of
310 mM. The pattern anisotropy is clearly visible. The bottom grayscale
indicates the scattered intensity increasing from left to right. (B) X-ray
scattered intensity I in absolute units (mm1) versus scattering vector
modulus q in log-log scale, for actin solutions of 310 mM (solid circles) and
150mM (open circles). For comparison purposes the curves were superposed
by dividing the data by the respective actin concentrations. Note the absence
of a peak that would characterize any positional order in the solution.
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Mechanical history can be erased by sonication
Actin ﬁlaments are severed into short fragments by
sonication. Under continuous sonication at a given power,
ﬁlaments are maintained at a constant average length that
results from a balance between fragmentation (a ﬁrst-order
reaction, with rate constant kf) and end-to-end reannealing (a
second-order reaction, with rate constant kr), as described by
the equation
Fi1Fj%
kr
kf
Fi1j:
The average length under sonication is expected to in-
crease with F-actin concentration, due to the increasing
rate of end-to-end reannealing. When sonication is arrested,
both end-to-end reannealing and length redistribution via
monomer-polymer exchange take place, leading to the
reestablishment of a population of longer ﬁlaments (41).
Measurements of ﬁlament length under and right after
sonication had so far been performed in a concentration
range of 0–10 mM F-actin (41). Here we veriﬁed that the
average length under sonication increases with actin
concentration (Fig. 6), suggesting that rapid end-to-end
reannealing of ﬁlaments takes place under sonication at all
actin concentrations. However, it reached a constant value of
;7 mm above 100 mM F-actin. When sonication was
stopped, the average length after 24 h’s rest did not increase
beyond the value of ;8 mm, even at very high actin
concentrations (Fig. 6). These limited average lengths, under
and after sonication, suggest that the viscosity of the actin
gels at high concentration strongly slows down the
reannealing reaction. Sonication has been used here as a
unique opportunity to erase the samples mechanical history.
The recovery of the sample birefringence upon gentle
shaking demonstrates that the F-actin ﬁlaments have indeed
reannealed. ATP is gradually exhausted during the cycles
of sonication-resting. However, the critical concentrations
for assembly of ATP-actin (0.1mM) andADP-actin (1.5mM)
are both much lower than the total actin concentration in
all samples. Thus we may consider that the concentration
of F-actin is constant in all experiments.
Spontaneous nematic ordering occurs at high
actin concentrations
We now turn to the ﬁve most concentrated samples (100–250
mM) the birefringence of which could never be completely
erased by sonication (Fig. 2, C, G, and I). This is most
probably due to the fast end-to-end reannealing of the sev-
ered ﬁlaments under continuous sonication at high concen-
tration, as explained above. However, the 100- and 125-mM
samples behaved differently from the 150–250 mM ones. At
the former concentrations, the birefringence clearly de-
creased under sonication (Fig. 2, C and I). Moreover, most
FIGURE 5 Isointensity contours of the x-ray patterns measured upon
increasing actin concentrations from 25 mM to 310 mM. These patterns are
all anisotropic, even at the lowest concentration, which indicates strong
ﬁlament orientation. (An isointensity contour is a line along which the
pattern has the same intensity.)
FIGURE 6 Average ﬁlaments length under continuous sonication (solid
circles) and 24 h after sonication (open circles) at varying concentrations of
F-actin (10–200 mM). For the measurement under sonication, F-actin is
pipetted in the test tube after 30-s sonication, while the probe is still
sonicating, and directly diluted to 1 mM in F-buffer in presence of 1 mM
rhodamine-phalloidin.
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importantly, the birefringence spontaneously increased on
a timescale of hours, even though the samples were left
completely undisturbed (Fig. 2, D and I). This phenomenon
is less obvious for the 125 mM sample in Fig. 2 I that shows
semiquantitative birefringence intensity measurements. At
concentrations$150 mM, strong ﬂows and textures changes
were clearly visible during sonication, proving that the actin
gels were effectively disrupted. Nevertheless, the birefrin-
gence intensity, averaged over sample texture, was not
altered after sonication. The spontaneous birefringence
recovery of the 100- and 125-mM samples is a clear sign
that, at high enough F-actin concentration, the alignment of
actin ﬁlaments is of thermodynamic origin. However, the
isotropic/nematic macroscopic phase separation does not
occur because it would require the large-scale diffusion of
ﬁlaments and their gathering in domains. This process is
severely hampered by the viscoelasticity of these gels.
These observations imply that, at variance with a previous
report (23), the intrinsic nematic ordering of actin ﬁlaments
does not occur at a molarity of 25 or 50 mM, but rather
between 75 and 150 mM, in better agreement with the
Onsager model predictions of the I-N transition (42,21).
Indeed, according to Onsager’s theory, the volume fractions
of the isotropic and nematic phases, fi and fn, at the
transition are given by fi ¼ 3.3D/L and fn ¼ 4.2D/L, where
D and L are the ﬁlament diameter and length, respectively.
Onsager’s model that is valid for stiff rods was extended by
Khokhlov and Semenov (43) for the case of semiﬂexible
polymers like actin. Their results are fairly similar to those of
Onsager, but the volume fractions at coexistence are
expressed by fi ¼ 5.1D/Lp and fn ¼ 5.5D/Lp, where Lp is
the polymer persistence length. Using the values D ¼ 8 nm
and Lp ¼ 10 mm, the theoretical values fi ¼ 4.13 103 and
fn ¼ 4.4 3 103 are predicted in very good agreement with
the experimental range of 75–150 mM that corresponds to
a f-range of 3–6 3 103. Note that the inﬂuence of elec-
trostatic interactions is negligible at the high ionic strengths
of these suspensions (I . 0.1 M) that were ﬁxed close to
physiological conditions.
Actin gels show no positional order
Let us now turn to the SAXS patterns of aligned actin gels
shown in Figs. 4 and 5. Since all scattering measurements
were calibrated on an absolute scale, the effect of concentra-
tion can be directly assessed. Once divided by the concen-
tration, the intensity curves superimpose fairly well for the
four most concentrated (100–310 mM) samples. (The in-
tensity increase close to the beam-stop is due to some parasitic
scattering. The SAXS signals of the three least concentrated
samples, i.e., 25–75mM, areweaker andwould require amore
elaborate background subtraction to obtain curves compara-
ble to those at high concentrations; data not shown.) As
already brieﬂy mentioned in Results, above, the absence of
any peak in I(q) and the fact that the normalized SAXS signals
do not depend on concentration (Fig. 4 B) demonstrate the
absence of any interferences between different ﬁlaments.
Thus, there is no liquidlike positional order characterized by
a typical distance between the ﬁlaments. This may be due to
two reasons: The high ionic strength (I . 101 M) of the
suspensions, close to physiological conditions, effectively
screens the electrostatic repulsions between colloidal charged
objects, which is known to suppress the short-range liquidlike
order. Besides, gelationmay freeze the positional ﬂuctuations
and therefore may prevent the establishment of the positional
liquidlike order, as observed in clay gels. Due to the absence
of positional correlations between actin ﬁlaments, the scat-
tered intensity is governed by the ﬁlament form factor and
the structure factor is ﬂat (44).
The nematic order is strong
As there is no sign of interparticle positional correlation, we
can discuss the x-ray patterns in terms of the convolution of
the form factor of actin ﬁlaments by a nematic orientational
distribution function. A similar approach was successfully
applied to shear-aligned surfactant micelles and clay gels
(45,46). This method allows one to extract the nematic order
parameter S from the scattering patterns. (The nematic order
parameter S is the second moment of the orientational dis-
tribution function; it takes values ranging from 0 for an iso-
tropic phase to 1 for a perfectly aligned nematic phase; see
De Gennes and Prost (20).)
Actin ﬁlaments are crudely modeled as uniform cylinders
of length L and diameter D ¼ 2R. Their form factor is then
classically given by the expression (44)
Fðq; gÞ ¼ K sinðqL cos gÞ
qL cos g
J1ðqR sin gÞ
qR sin g
;
where K is a constant that includes the electron density
contrast between the particles and the solvent, J1 is the ﬁrst-
order Bessel function, and g is the angle between the
cylinder axis n and the scattering vector q (Fig. 7).
We call u and u the polar and azimuthal angles of the
cylinder axis n in a system of coordinates where the z axis is
taken along the nematic director and the y axis along the
incident x-ray beam. We call c the angle between q and the x
axis (Fig. 7). These angles are then related by
cosg ¼ cos u sinc1 sin u cosc cosu:
We adopt the classical Maier-Saupe form for the orien-
tational distribution function (47–49),
f ðuÞ ¼ 1
Z
expðm cos2uÞ;
where Z is a normalization constant and m is the Maier-
Saupe distribution parameter that is directly related to S.
We then average the form factor using this distribution
function, which directly gives us the expression of the scat-
tered intensity
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IðqÞ ¼ Iðq;cÞ ¼ 2K2
Z 2p
0
du
Z p
2
0
f ðuÞF2ðq; gÞsin u du:
The experimental SAXS isointensity lines (Fig. 5) can be
compared with those calculated with this model, using the
MATHEMATICA 4.0 software (Wolfram Research, Cham-
paign, IL), to extract the values of m and S (Fig. 8). We used
the value D ¼ 8 nm that is commonly accepted for the actin
ﬁlament diameter. To minimize calculation times, we chose
L ¼ 500 nm for the ﬁlament length, a value that is much
lower than usually reported in such conditions (;1–10 mm).
Fortunately, the calculated pattern is very little sensitive to L
in this range and this should not signiﬁcantly alter the values
of S that we obtained. In contrast, the pattern anisotropy is
very sensitive to the value of S, which allows us to deduce it
fairly accurately. Note that the simulations reveal a small dip
of the isointensity lines on the horizontal axis, which is not
observed on the experimental patterns, except on some of the
isointensity lines of the 310-mM sample (Fig. 5). Such a dip
has been observed and modeled by Cummins et al. (50) in
their neutron scattering study of rodlike surfactant micelles
aligned by shear ﬂow. In our case, the dip is usually not
observed probably due to some parasitic scattering, close to
the beam-stop, that hides the weak signal of F-actin sus-
pensions.
In the case of the 310-mM sample (Fig. 5, bottom left), we
derive a large nematic order parameter S ¼ 0.70 6 0.05,
which agrees well with the large anisotropy of the pattern.
Such a value of S¼ 0.7 means that 70% of the actin ﬁlaments
make an angle ,30 with their average direction (director).
This value of S should be compared with those of other
lyotropic nematic phases of semiﬂexible polymers such as
the suspensions of fd viruses (0.60# S# 0.95) (51), or with
that of nematic solutions of microtubules (0.81) (37), and
with the theoretical value of 0.80 predicted by the Onsager
model (42). We thus ﬁnd an order parameter of the correct
magnitude even though the sample is not truly a single
domain. The nematic order parameters derived from the
other SAXS patterns are lower and range from 0.4 to 0.5,
depending not only on molarity but also, most probably, on
the quality of sample alignment. Nevertheless, the value S ¼
0.40 6 0.05, obtained for the fairly dilute 25-mM sample, is
still quite appreciable and is in fact comparable to the
S-values of common liquid crystals used in display ap-
plications (20). These strong values of the order parameter
indicate that either a small shear ﬂow (for low concen-
trations) or even spontaneous nematic alignment (for high
concentrations) can produce highly oriented ﬁlament as-
semblies in the absence of ABPs. Moreover, this ﬁlament
alignment most probably helps the bundling action of some
ABPs such as a-actinin.
As a last result, we also measured the speciﬁc bi-
refringence of actin ﬁlaments from the most concentrated
sample (310 mM) whose SAXS pattern is shown in Fig. 5,
because it was the best aligned and most birefringent sample.
For a dilute (f , 1%) suspension of particles smaller than
the wavelengths of visible light, the birefringence Dn is
related to the nematic order parameter by Dn ¼ Dnsat f S,
where Dnsat is the speciﬁc birefringence of the particles.
A birefringence Dn of 2.1 3 104 was measured for the
310-mM sample. This allowed us to derive the speciﬁc
birefringence of actin ﬁlaments, Dnsat¼ 2.253 102, a value
FIGURE 7 Schematic representation of the scattering experiment that
shows the deﬁnitions of the angular coordinates referred to in the text. The
shaded cylinder represents an actin ﬁlament.
FIGURE 8 Calculated isointensity lines using D ¼ 8 nm and L ¼ 500 nm
as cylinder parameters. The nematic order parameter for these computations
is (A) S ¼ 0.45; (B) S ¼ 0.7.
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quite comparable to that (1.7 3 102) of the tobacco mosaic
virus (52).
CONCLUSION
We performed SAXS experiments that demonstrate that the
nematic order parameter takes large values (0.4–0.7) in the
whole investigated range of molarities (25–300 mM) instead
of the very low values predicted for a continuous I-N
transition (24). Using polarized-light techniques, we also
showed that the gradual onset of birefringence in actin gels
of molarities,100 mM is not of thermodynamic origin but is
rather due to residual mechanical stresses. However, these
materials certainly undergo some kind of nematic ordering at
molarities $100 mM but their strong viscoelastic properties
restrict the phase transition to a microscopic scale, as already
suggested by another group (22). Both results, from SAXS
and birefringence experiments, lead us to conclude that actin
gels are not a good example of a continuous isotropic-to-
nematic phase transition. Nevertheless, our work demon-
strates that, for molarities of 100 mM or more, spontaneous
parallel organization of actin ﬁlaments occurs.
The spontaneous appearance of large aligned domains in
concentrated actin gels may play a role in the rapid formation
of parallel structures like tight bundles in stress ﬁbers or
microvilli, because the diffusion of linear objects is known to
be much faster when they are cooperatively oriented, a well-
known speciﬁc feature of nematic liquid crystals. Similarly,
the growth of ﬁlaments may be expected to be faster if they
are aligned rather than entangled. Spontaneous nematic
alignment, shear ﬂow effects, and ABPs are all factors that
can take part in the formation of oriented actin structures.
The study reported here was required for us to understand the
nematic behavior of pure actin at physiological concen-
trations and will help us to assess the respective inﬂuences of
each of these factors. In vivo, the actin arrays linked to
diverse motile or adhesive processes are organized at a higher
level of complexity by a variety of regulatory proteins, like
Actin Depolymerizing Factor (ADF/coﬁlin), which accel-
erates the treadmilling of actin ﬁlaments and may affect their
mechanical properties; Arp2/3 complex, which is involved in
branching ﬁlaments thus affecting the intrication of actin
gels; and capping proteins, which regulate ﬁlament length.
Further experimentation will be carried out to obtain insight
into the effect of these regulators on the behavior of actin
gels. For example, two machineries are known to initiate
actin ﬁlaments at the cell membrane, namely the above-
mentioned Arp2/3 complex and the more recently discov-
ered group of formins: the ﬁrst one generates the growth of
a branched actin array (53), whereas the second one was
shown to promote the nucleation of unbranched actin
ﬁlaments (54). Depending on whether the actin concentra-
tion is well below or well above 100 mM, we expect some
inﬂuence of the ﬁlament alignment on the nucleating
activities of these two systems.
We are grateful to P. Bo¨secke, A. Hammersley, and R. Wilcke for on-line
data corrections and treatment software packages, and N. Dupuis for help
with the simulation computer programs. We thank I. Dozov for the bire-
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